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ABSTRACT Objectives: Morphological variation along the human limb reflects complex 
structural trade-offs between bone strength and mass. Here we assess how varying levels of 
plasticity and constraint affect this structure and influence the response to habitual loading along 
the diaphysis. 
Materials and Methods: Cross-sectional geometric properties including total area, cortical area 
and rigidity were compared from the upper (humerus: 50% of length, radius: 66%, 50%, 4%) and 
lower (tibia: 50%, 38%, 4%) limbs of male varsity-level athletes and matched controls with 
distinct habitual loading histories.  
Results: Geometric properties among cricketers and swimmers were significantly greater at the 
humeral midshaft, mid-proximal radius and radial midshaft compared to controls. By contrast, no 
significant differences were found among athletes or controls at the distal radius. The tibial 
midshafts of hockey players and runners also displayed greater area and rigidity compared to 
controls. Differences in geometry among the three groups became less pronounced distally, 
where structure was comparable among athletes and controls at 4% of tibial length. Additionally, 
coefficients of variation revealed that variation among athletes of the same sport was highest 
distally in both the upper and lower limb and lowest at midshaft, where structure most closely 
reflected the activity pattern of each loading group.  
Discussion: These results support previous research suggesting that distal limb sections are more 
tightly constrained by safety factors compared to midshafts and proximal sections. Overall, it 
appears that plasticity and constraint vary not only between limb segments in correspondence to 
known activity patterns, but also along specific sections of the diaphysis.  
 
 
 
Long bones are capable of adapting their shape and structure in response to mechanical 
stimulation through the apposition and resorption of skeletal tissue. In effort to quantify the 
relationship between habitual loading behavior and morphology, research focused on long bone 
adaptation has been conducted over the past several decades on bony vertebrates (Parfitt, 1979; 
Rubin and Lanyon, 1984; Frost, 1987; Mosley et al., 1997; Lieberman and Crompton, 1998; 
Hsieh et al., 2001; Judex et al., 2007; Demes and Carlson, 2009; Nicholson and Firth, 2010; 
Barak et al., 2011; Morimoto et al., 2011; Patel et al., 2013; Ruff et al., 2013). One aspect of 
study which calls for further inquiry is the formation and distribution of skeletal tissue along 
limb bone diaphyses that are exposed to markedly different forms of loading. While it is 
understood that for a given activity, levels of strain vary along long bone cortices (Lovejoy, 
1976; Biewener, 1982; Biewener and Taylor, 1986; Drapeau and Streeter, 2001 Skerry, 2006), 
determining how bone sections respond to specific loading patterns requires further 
consideration. Comparing which regions of long bone diaphyses are more plastic to those that 
are more genetically canalized can therefore reveal how the limbs are influenced by 
biomechanical loading. If proximal and distal limb elements are indeed more susceptible to use 
and disuse related adaptation, varying degrees of plasticity and constraint should then be 
detectable along different diaphyseal sections as well.  
Certain aspects of the appendicular skeleton including synovial joints and long bone 
epiphyses may be more adaptively constrained than diaphyses, which appear more 
phenotypically plastic by comparison (Ruff and Runestad, 1992; Ruff et al., 1993; Lovejoy et al., 
1999, 2003; Lazenby et al., 2008). Previous research on biomechanical adaptation has also 
demonstrated that the middiaphyses of distal limb segments are typically the points of greatest 
peak bending during locomotion (Biewener, 1982; Biewener and Taylor, 1986). Accordingly, 
 
 
studies centered on the relationship between mobility pattern and morphology often focus on the 
geometry of the midshaft (Trinkaus and Ruff, 1999a,b; Robling et al., 2006; Carlson et al., 2007; 
Wilks et al., 2009; Patel et al., 2013; Mongle et al., 2015a,b; but see Morimoto et al., 2011). 
Physiological loading is also capable of influencing specific regions of long bone diaphyses 
(Kannus et al., 1994; Adami et al., 1999), where aspects of the skeleton exposed to greater strain 
appear to elicit a stronger anabolic response for bone formation compared to locations farther 
from the primary source of strain (Heinonen et al., 2002). It has been established that the 
threshold for peak strain varies along weight-bearing bones as well, where a trigger for increased 
tissue formation closely corresponds with strain magnitude (Hsieh et al., 2001) as well as loading 
frequency and intensity (Fluck, 2006; Shaw and Stock, 2009b). Bone structure can also be 
influenced by a lack of mechanical stimulation, as histomorphometric analyses demonstrate that 
a greater degree of disuse related bone loss, following non-traumatic immobilization, is more 
prominent in the distal aspects of vertebrate limbs (Uhthoff et al., 1978, 1985). While prior 
studies have demonstrated that activity pattern is capable of influencing the cross-sectional 
geometry of discrete points along limbs (Rubin and Lanyon, 1984; Hsieh et al., 2001; Stock and 
Pfeiffer, 2001, 2004; Hallgrimsson et al., 2002; Marchi et al., 2006; Macintosh et al., 2014; 
Wallace et al., 2014), it is apparent that the limb as a functional unit is inclined to deposit greater 
mass proximally, while distal segments are more frequently remodeled and repaired to mitigate 
fatigue damage from the proportionately greater loads to which they are exposed (Hildebrand 
and Goslow, 2001; Pearson and Lieberman, 2004).  
 
 
 
 
Skeletal adaptation and symmorphosis  
Since Weibel and Taylor’s observations of the economic trade-off between muscle 
density and oxygen consumption in the mammalian respiratory system (1981), the study of form-
function relationships have expanded across biological systems and taxa to create the field of 
symmorphosis. Symmorphosis theory posits that the association between an organism’s form - 
specifically the structure or size of a morphological character - should quantitatively correspond 
to the functional demands placed on it (Weibel et al., 1991). For many terrestrial vertebrates, 
limb morphology exhibits a tapering configuration from the proximal to distal segments so that 
greater mass (of bone and muscle tissue) is concentrated proximally, closer to the axis of rotation 
(Hildebrand and Hurley, 1985). Such an adaptation would have likely been selected for as a 
means of reducing energy expenditure while conserving angular momentum during locomotion, 
thus granting cursorial animals an advantage related to locomotor dexterity and bioenergetic 
efficiency (Alexander, 1981, 1998; Lieberman and Crompton, 1998; Lieberman and Pearson, 
2001; Hildebrand and Goslow, 2001). Support for this premise has since been established 
experimentally in humans (Myers and Steudel, 1985; Dellanini et al., 2003). It has been 
demonstrated that applying greater mass along the distal lower limb requires an individual runner 
to increase oscillations during locomotion. In doing so, the runner must expend a greater amount 
of kinetic energy in order to reach the same speeds as another runner with greater mass located 
closer to their core (Dellanini et al., 2003).  
While the tapered limb configuration may be beneficial energetically, it comes at an 
expense. Compared to more proximal sections, distal limb segments contain less cortical bone 
per unit space and are considerably more vulnerable to mechanical overload and fracture than 
their more proximal counterparts (Frost, 1997; Ruff, 2000; Rauch and Schoenau, 2001; 
 
 
Plochocki et al., 2008; Shaw et al., 2014). To reduce the risk of structural failure, an optimal 
balance must be met between regional safety factors and function throughout the limb 
(Alexander, 1998; Skedros et al., 2003). Thoroughbred racehorses are a testament to how fine a 
trade-off exists between biomechanical strength and efficiency along regions of the fore- and 
hindlimb (Vaughan and Mason, 1975; Parkin et al., 2004; Verheyen et al., 2006). Nearly half of 
race-related forelimb injuries documented in a study by Vaughan and Mason (1975) were 
recorded at the metacarpus. Fractures declined proximally toward the humerus, where a mere 
3.3% of injuries were reported among the horses. Similarly, 49.4% of female field hockey 
injuries were recorded between the ankle and tibia compared to 11.1% along the femur (Rose, 
1981). A higher rate of strain-induced bone remodeling should be found distally on the limb, as 
relatively gracile skeletal elements closest to the point of surface impact lack the architectural 
strength of more proximal components (Currey, 1981; Burr et al., 1996). Indeed, among juvenile, 
sub-adult, and young adult sheep, remodeling rates were found to be higher at the midshaft of the 
distal limb (metatarsal and tibia) compared to the femoral midshaft (Lieberman et al., 2003). Just 
as bone distribution along distal limb segments appears to be optimized to endure typical loads, 
yet remain light enough to minimize energy expenditure, proximal elements are presumed to be 
less constrained by tissue economy (Stock and Pfeiffer, 2001, 2004). As such, proximal limb 
elements are often used to identify archaic and modern human behavioral patterns in the recent 
archaeological and fossil record (Trinkaus et al., 1994; Trinkaus et al., 1999; Marchi et al., 2006; 
Shackelford, 2007; Churchill and Rhodes, 2009; Havelkova et al., 2011; Trinkaus and Ruff, 
2012). Femoral robusticity in particular has proven a useful indicator of mobility patterns in 
Holocene and Pleistocene hunter-gatherers (Ruff, 1999; Holt, 2003). The distal lower limb is 
also useful in reconstructing mobility in humans, however. Research conducted on the tibia 
 
 
determined that the midshaft optimizes its structure under consistent mechanical loading 
(Trinkaus et al., 1994; MacDonald et al., 2009; Ireland et al., 2011; Shaw and Stock, 2013) while 
a study by Stock (2006) suggested that the tibial middiaphysis may better reflect human mobility 
than the femur.  
A more comprehensive understanding of bone plasticity along the limb is necessary for 
an accurate interpretation of the fossil record, as more plastic segments should reflect adaptation 
to behavior while highly canalized regions may be more closely associated with taxonomic or 
genetic relationships (Waddington, 1942; Pigliucci, 2005; West-Eberhard, 2005; Young, 2006). 
Professional modern athletes are prime participants for study, as the subsistence behaviors 
employed by our ancestors such as long distance travel or overhand throwing (Bramble and 
Lieberman, 2004; Churchill and Rhodes, 2009; Roach et al., 2013), are reflected in modern 
sports. Moreover, athletic training generally begins during late childhood or adolescence, when 
new bone formation is highly responsive to load-induced strain (Kannus et al. 1995; Burr, 1997; 
Carter and Beaupre’, 2001; Rauch and Schoenau, 2001; Raichlen et al., 2015). It is possible that 
subsistence practices among Upper and Lower Paleolithic hunter-gatherer populations would 
have begun at a relatively young age as well, as skillsets affiliated with foraging, and especially 
hunting, require both strength and experience (Hewlett and Cavalli-Sforza, 1986; Wiessner, 
2002).  
This study aims to advance the current understanding of site-specific long bone 
phenotypic plasticity by examining the relationship between diaphyseal structure and distinct 
forms of habitual loading in the upper and lower limbs. To address how skeletal plasticity and 
constraint vary along the limb, cross-sectional geometric properties indicative of mobility and 
behavior are quantified at various locations along the humeral, radial and tibial diaphyses of 
 
 
male varsity-level athletes and matched controls. In doing so, plasticity and constraint are 
assessed along each diaphysis in relation to four habitual loading patterns. 
 
MATERIAL AND METHODS 
 Subject sample 
The cross-sectional images examined in this study were derived from a total of 83 males 
assigned to an upper (n = 53) and lower (n = 51) limb group. The humerus and radius were 
evaluated for the upper limb group which comprised swimmers (15), cricketers (17) and controls 
(21) while the lower limb group consisted of field hockey players (15), cross-country runners 
(15) and controls (21). Participants were between the ages of 19 and 30, all of which were 
recruited from the University of Cambridge and Anglia Ruskin University, Cambridge, U.K. The 
mean age of the recruited participants [hockey players (21.5, SD ± 1.5), runners (23.2, SD ± 3.2), 
swimmers (22, SD ± 2.5), cricketers (22.2, SD ± 2.5), and controls (21.5, SD ± 2.5)] was 22.1 
years (SD ± 2.4). Competitive play and training amongst the athletes began during late childhood 
or early adolescence (mean age: hockey players: 9.6 years, runners: 13.7 years, swimmers: 10.5 
years, cricketers: 9.5 years) by which all groups had since competed for 10.8 years on average 
(hockey players: 11.7 years, runners: 9.7 years, swimmers: 10.3 years, cricketers: 11.6 years). Of 
the 83 participants, 72 were right hand dominant. All subjects were confirmed non-smokers and 
had no prior history of limb fracture, disease or medication known to affect bone metabolism. 
Controls were healthy matched participants who led a relatively sedentary lifestyle (Booth, 
2002), averaging less than one hour of strenuous physical activity per week. A questionnaire was 
issued to all subjects participating in the study as a means of obtaining athletic, lifestyle and 
medical history prior to any measurements being taken. Following completion of the 
 
 
questionnaire, height was measured using a wall-mounted stadiometer (Seca, 770), while weight 
was measured with a digital scale (Seca, SEC888), for each participant. The study protocol was 
approved by the University of Cambridge Human Biology Research Ethics Committee and the 
Essex 2 Research Ethics Committee. Written informed consent was provided by each participant 
after receiving a verbal and written description of the protocol.  
 
Cross-sectional imaging 
For all participants of the lower limb group, three scans were taken along the left and 
right tibial diaphyses at 4%, 38%, and 50% of length, for a total of 306 pQCT images. Due to the 
asymmetric nature of bowling and throwing in the sport of cricket, elements of the right and left 
side of the upper limb were discriminated and scanned based on the lateral dominance of each 
individual in the upper limb group. A single scan was taken at 50% of total length of the 
dominant humerus (53 cross-sections) followed by three scans along the dominant radial 
diaphysis at 4%, 50%, and 66% of length (159 cross-sections), yielding a total of 212 upper limb 
cross-sectional images. The respective cross-section locations were selected to reflect the distal-
most aspect, the forearm and plantar flexors and the midshaft of each element.  
Two dimensional cross-sectional images were captured using non-invasive peripheral 
quantitative computed tomography (pQCT). The images were generated using an XCT 2000 
(Stratec Medizintechnik GmbH, Pforzheim, Germany). Subjects assumed a comfortable sitting 
position facing the gantry opening while purpose-designed clamping devices were used to hold 
the limbs steady in a position parallel to the floor. Because femoral data was unavailable in the 
current study, plasticity and constraint were not evaluated along the entire lower limb as they 
were in the upper limb. Each scan provided a 2.5-mm-thick slice (0.5 pixel mm). The scan 
 
 
locations of each long bone are illustrated in Figure 1. For additional details relating to data 
collection protocol, see Shaw and Stock (2009a,b).   
 
[Figure 1 here] 
 
The pQCT images were imported to ImageJ, a Java-based image processing program 
developed at the National Institutes of Health, Bethesda, Maryland, U.S 
(http://rsb.info.nih.gov/ij/). Each scan was analyzed using MomentMacro v.1.3; an ImageJ plug-
in that calculates cross-sectional geometric properties 
(http://www.hopkinsmedicine.org/fae/mmacro.htm).  
Figures 2 and 3 provide examples of the upper and lower limb images examined along the three 
measured sections of the diaphyses.  
Structural properties indicative of morphology, torsional rigidity and compressive/tensile 
strength were recorded along each segment of the diaphysis for the upper and lower limb to 
evaluate mechanical competence. The cross-sectional properties included cortical area (CA), an 
estimate of the bone’s ability to buffer pure axial compression and tension; and total sub-
periosteal area (TA), encompassing the periosteal contour as well as the medullary area of the 
section. The polar second moment of area (J), proportional to twice average bending rigidity in 
any two perpendicular planes (Ruff, 2008), was also calculated to infer rigidity along the 
diaphyses. To control for differences in body size and limb proportion across participants, 
surface areas (total area and cortical area) were standardized by body mass while the polar 
second moment of area was standardized by the product of body mass and moment arm length
2
 
(limb segment length) (Sparacello and Marchi, 2008).  
 
 
 
[Figures 2, 3 here] 
 
  
Additionally, relative values were calculated for each geometric property (CA, TA, J) by 
dividing cross-sectional property values from distal sections with matched property values from 
the proximal-most measured section of their respective limb [e.g., upper limb: (TA at 4% of 
radius / TA at 50% of humerus = relative TA at 4% of radius). These relative values provide an 
indication of diaphyseal structure at a location expected to display greater adaptive constraint 
relative to a location understood to exhibit relatively high plasticity (midshaft). In the upper limb, 
the humeral midshaft served as the proximal-most section while the tibial midshaft was used as 
the proximal-most section for comparison in the lower limb.  
 
Analysis. Values for all geometric properties were calculated by averaging the right and 
left tibiae for all members of the lower limb group. Variation among the athlete and control 
groups was identified using univariate analysis of variance (ANOVA) where significance was 
recognized at P ≤ 0.05 in all comparisons. After differences had been identified among the 
means, post hoc tests were used to classify the relationships of variance between groups. In 
instances that equal variance was assumed following Levene’s test (homogeneity of variance), 
Hochberg’s GT2 was consulted while the Games-Howell test was used where variance was 
unequal. The coefficient of variation (CV), defined as the ratio of the standard deviation to the 
mean (Hallgrimsson and Hall, 2005), was also calculated along segments of the diaphyses for 
TA, CA, and J. The CV was used for comparisons of inherent variation for area and rigidity 
among like-athletes within each loading group as a means of comparing intragroup variation 
 
 
along each limb. To verify equality of variance, a parametric Levene’s F test (P ≥ .05) was also 
conducted for CV along the diaphyses (Martin and Bridgmon, 2012). 
 
RESULTS 
 Upper limb 
ANOVA results, CVs and cross-sectional properties for the dominant upper limb of 
athletes and controls are reported in Tables 1-4. Geometric properties were compared among 
cricketers, swimmers and controls at the dominant humeral midshaft and at three locations along 
the dominant radius (4%, 50% and 66% of forearm length). Overall, the humeral midshaft of 
swimmers and cricketers was significantly stronger than those of controls. Swimmers displayed 
greater total sub-periosteal area (TA), cortical area (CA) and torsional rigidity (J) compared with 
controls at the humeral midshaft. Similarly, the dominant (throwing and bowling) arm of the 
cricketers displayed greater TA, CA and J at the humeral midshaft compared to controls (see 
Shaw and Stock, 2009a for detailed analysis on the non-dominant arm).  
Comparisons along the forearm also yielded significant structural differences among the 
athletes and controls. The cricketers’ dominant forearm displayed significantly greater TA, CA, 
and J at both the mid-proximal radius (66%) and midshaft compared to controls. By contrast, the 
swimmers’ radial rigidity and cortical area were significantly greater than controls at midshaft 
but not at the mid-proximal radius. No differences in TA, CA or J were found at the distal radius 
(4%) in either cricketers or swimmers compared to controls. 
 
[Table 1 here] 
 
 
Upper limb; relative properties. At the dominant radial midshaft (50%), relative TA and 
CA were significantly lower in cricketers compared to controls, while at the mid-proximal radius 
(66%), only relative CA was significantly lower in cricketers. Comparisons involving the 
swimmer sample revealed that for both the 50% and 66% sites of the radii, relative CA was 
significantly lower compared to the control group, though no differences in rigidity or total rea 
were found. The smaller values associated with the relative properties along the radius 
emphasize the similarity in forearm structure between athletes and controls at the forearm 
compared to the stronger upper arms of the athletic sample.   
  
Inherent variation along the upper limb. Coefficients of variation for TA, CA and J were 
calculated at the dominant humeral midshaft as well as the mid-proximal (66%), midshaft (50%) 
and distal (4%) radius using a combined sample that included cricketers, swimmers and controls. 
Considering the upper limb elements together, the CV for total area was lowest at the humeral 
midshaft (CV = 13.6) and highest at the distal radius (4%) (CV = 20.7) among athletes and 
controls. Along the forearm specifically, the radial midshaft displayed the least variation in area 
(CV = 15.5) compared to the distal or mid-proximal radius. Variation in rigidity and cortical area 
was also lowest at the humeral and radial midshafts in athletes and controls, while the greatest 
variation was found at the distal radius within each group.  
Cricketers in particular displayed the greatest difference in variation for TA along the 
upper limb, where the CV was 11.9 at the radial midshaft and 27 at the distal radius. To place 
this in perspective, swimmers displayed a CV of 15.1 at midshaft and 20 at the distal radius 
while controls displayed a CV of 19.7 at midshaft and 15.3 at the distal radius. Comparisons 
 
 
among groups revealed that the lowest level of inherent variation for rigidity (J) was found at the 
radial midshaft of controls (CV =23.2), while the highest level of variation was found at the 
distal radius of the cricketers’ dominant (throwing) arm (CV = 53).  
 
[Tables 2, 3 and 4 here] 
 
Lower limb 
Tables 5-7 summarize the one-way ANOVA comparisons, CVs and geometric properties 
measured along the tibiae of cross-country runners, field hockey players, and controls. Rigidity 
(J) at the tibial midshaft (50%) and mid-distal tibia (38%) was significantly higher in both 
runners and hockey players compared to controls, while no differences were found at the distal 
tibia (4%) among athletes or controls. Additionally, CA and TA were significantly higher in 
runners compared to controls at the tibial midshaft (50%) and mid-distal (38%) tibia. 
Comparisons of TA and CA at the mid-distal tibia and midshaft revealed no significant 
differences between hockey players and controls. Comparisons of TA and CA at the distal tibia 
(4%) revealed no significant differences among runners, hockey players or controls.  
 
Lower limb; relative properties. Structural properties were compared along the tibial 
diaphysis to evaluate how distal segments vary in structure relative to the tibial midshaft. 
However, no significant differences were found for any relative properties at the mid-distal 
(38%) or distal (4%) tibia among the athletes and controls.  
 
 
 
Inherent variation along the lower limb. Coefficients of variation (CV) for TA, CA and J 
were compared at midshaft (50%), mid-distal (38%) and distal (4%) sites along the tibial 
diaphysis using a combined sample that included distance runners, hockey players and controls. 
Inherent variation along the tibia was generally low (Simpson et al., 1960) compared to the upper 
limb, where CVs among groups ranged between 6.2 (TA 38% length) and 13.9 (TA 4% length). 
Overall, variation was lowest at midshaft and the mid-distal tibia while it was highest distally 
within the control and athletic groups. When compared separately, controls displayed the highest 
levels of inherent variation for TA (13.9), CA (19.6) and J (36) at the distal tibia compared to 
runners and hockey players, while the two athletic groups displayed the lowest levels of variation 
for TA, CA and J at midshaft and the mid-distal tibia.  
 
[Tables 5, 6 and 7 here] 
 
DISCUSSION 
The primary aim of this study was to better understand how long bone cross-sectional 
morphology varies along the human upper and lower limb and whether this subsequently reflects 
phenotypic plasticity and constraint along the limbs. The results reveal that measures of bone 
strength and rigidity differ not only between limb elements but also at discrete points along the 
diaphyses. The humeral midshaft appears more disposed to adapt its structure in response to 
mechanical loading than any other site measured along the upper limb, suggesting that the upper 
 
 
arm may be more plastic than the forearm. Analysis of the radius revealed that the morphology 
of the midshaft and mid-proximal diaphysis also reflected adaptation to habitual loading 
activities in cricketers and swimmers, while, by contrast, the distal radius displayed no structural 
differences among athletes or controls (see Fig. 4). The lack of morphological variation found at 
the distal radius compared to the radial midshaft, mid-proximal radius and humeral midshaft 
across groups may indicate that adaptive constraint increases with distance from midshaft. 
However, it remains unclear whether the relatively smaller muscle mass and limited loading 
exposure at distal compared to proximal limb segments influences structural variation along the 
diaphyses to a greater extent. Within the swimmer and cricketer samples, the lowest coefficients 
of variation for areas and rigidity were found at the humeral and radial midshafts, while inherent 
variation was highest at the distal radius. In other words, individuals within each athletic loading 
group were most morphologically similar to their fellow teammates at midshaft while displaying 
greater variation (CV) from one another distally. This observation suggests that midshafts may 
indeed be more inclined to adapt their structure compared to more proximal or distal sections 
when placed under a habitual loading regime. Moreover, sections a greater distance from 
midshaft may be more adaptively constrained.  
Similar to the upper limb, it appears that rigidity and total cross-sectional area at the 
midshaft and mid-distal tibia better reflect morphological adaptation to running and hockey 
related loading patterns compared to the distal tibia. In fact, total area, cortical area and rigidity 
at the distal tibia were comparable among athletes and controls. The structural disparity between 
the midshaft and distal tibia may be indicative of a greater constraint of mass and tissue at more 
distal sections of the leg to prevent injury. Alternatively, this observation may reflect the 
imposition of maximal strains placed on the midshaft compared to more proximal or distal 
 
 
sections a greater distance away. Intragroup coefficients of variation were also found to be 
greater distally in the lower limb sample while midshaft morphology was most similar among 
individuals within their respective groups. These results suggest that aspects of the upper limb 
may respond to mechanical stimulation in a similar manner to the lower limb despite their 
exposure to markedly different forms of loading, i.e., weight-bearing, ground impact forces in 
the lower limb vs. weight-supported, low resistance loading in the upper limb (Duncan et al., 
2002).  
 
[Figure 4 here] 
 
Limb optimization 
Vertebrate musculoskeletal systems operate close to their design limits, reflected by the 
high frequency of injury to organs closely associated with locomotion (i.e., torn ligaments, 
sprains, fractures) (Schmidt-Nielsen, 1984). To account for habitual loading behaviors that place 
varying degrees of strain along the limbs, a balanced trade-off between the strength of a given 
bone section and its mass should be met in the interest of energy conservation. Accordingly, 
safety factors (i.e., the ratio of maximum load capacity to typically endured loads) along the limb 
are not constant but vary by region (Alexander, 1981; 1998; Currey, 2002; Skerry, 2006). 
Though it is evident that distal elements do not model themselves to the same extent as more 
proximal elements, as cortical area would be comparable throughout the entirety of the limb 
(Lieberman, 2003), there remains some contention with respect to the rate that bone modeling 
and remodeling occur across individual limbs and elements. Human (Stock and Pfeiffer, 2001; 
 
 
Weiss, 2003) and non-human primates (Walker, 1974; Bello-Hellegouarch et al., 2012) load their 
upper and lower limbs in a variety of ways during locomotion, which in turn, influences mobility 
and limb bone morphology differently than other mammals (Raichlen, 2006; Patel et al., 2013; 
Ruff et al., 2013). Some examples include increased measures of long bone length and 
robusticity, a relative lack of diaphyseal curvature compared to more mobile terrestrial 
mammals, longer strides in conjunction with a lower stride frequency, and larger distal limb 
segments necessary for manipulation of the hands and feet (Alexander and Maloiy, 1984; 
Swartz, 1990; Kimura, 1991; Polk et al., 1997; Jungers et al., 1998; Yamanaka et al., 2005; 
Drapeau and Streeter, 2006; Macintosh et al., 2015). Despite bearing relatively greater mass 
distally compared to cursorial specialists, both the upper and lower limbs of the athletic loading 
groups considered in this study displayed greater geometric differences from one another at 
midshaft and more proximal segments of their limbs than those distally. Because muscle force is 
understood to constitute the greatest mechanical load upon weight bearing bones (Frost and 
Schönau, 2000; Rittweger, 2008; but see Judex and Carlson, 2009), it is possible that the 
relatively small amount of muscle mass situated at the distal limb segments place a 
proportionately smaller strain along the diaphyses. It would follow that a smaller amount of 
microstrain acting on the distal limbs would fail to stimulate new bone formation (Turner and 
Pavalko, 1998; Frost, 2003), which may explain why so few geometric differences are observed 
in distal compared to proximal segments. The apparent canalization found at the 4% section in 
both the radius and tibia may relate more directly to the metaphyseal flaring found at these 
locations. While total area was nearly four times greater at the radial epiphysis than at midshaft 
in the athletic groups, cortical area was virtually the same between both locations. The presence 
of trabecular tissue at the distal and proximal sections of long bones may be responsible for 
 
 
confining cortical area in spite of loading pattern, while the thicker cortical shell located at 
midshaft can be more readily distributed along the mediolateral (M-L) or anteroposterior (A-P) 
axes (where moments of bending and torsion are greatest). A side-by-side comparison 
emphasizing differences in total area and cortical area distribution at the tibial midshaft, mid-
distal and distal tibiae of runners and hockey players can be viewed in Figure 5.  
 
[Figure 5 here] 
 
Just as muscle contractions constitute a mechanical load on bone (Özkaya et al., 2012), 
ground reaction force vectors are also capable of influencing skeletal morphology (Whalen, 
1988; Kohrt et al., 1997; Crossley et al., 1999; Demes et al., 2001; Demes and Carlson, 2009; 
Wilks et al., 2009). Traditional cursorial mammals including red deer (Skedros et al., 2003), 
horses (Nicholson and Firth, 2010) and sheep (Lieberman, 2003) have been reported to exhibit 
more frequent episodes of haversian remodeling in the distal limb compared to more proximal 
segments. This phenomenon is likely due in part to the distal elements’ exposure to shock, 
effectively buffering impact forces for the rest of the limb (Biewener, 1989; Skedros et al., 2003; 
Demes and Carlson, 2009; Wilks et al., 2009). The greater surface area of proximal and distal 
long bone sections may therefore be necessary to accommodate cancellous bone and cartilage for 
shock absorption without adding extraneous mass from cortical tissue. Unlike quadrupedal 
mammals, which rely on the forelimb for mobility, human upper limbs are not required to absorb 
high frequency strains generated during locomotion. In spite of ground reaction forces having 
limited influence on the human upper limb (Humphrey et al., 2008), the results presented here 
 
 
reveal that geometry along the radius of swimmers and cricketers varied significantly to that of 
controls, except at the distal-most measured section of the radius (4% of length). Animals that do 
perform high frequency pronograde locomotion tend to exhibit increased remodeling episodes as 
a means of repairing microfractures in vulnerable distal elements, while stronger proximal 
elements appear to exhibit increased modeling of new bone (Lieberman and Crompton, 1998; 
Lieberman et al., 2003). Accordingly, the high level of structural variation in the humerus among 
athletes and controls corresponds with load-induced bone formation generated through modeling 
(Frost, 1997) while distal aspects of the upper limb likely undergo more infrequent modeling 
episodes. Though this may be the case, it is evident that modeling and remodeling are not 
restricted to limb elements but also vary by location along the diaphyses. In the lower limb, the 
distal tibiae of runners and field hockey players, which are regularly exposed to high intensity 
ground impact forces, also display little distinctive variation in rigidity and total area between 
groups. The observed lack of variation in the distal forearm may suggest that safety factors are 
still prioritized along the upper limb in humans as they are in cursors that do rely on the forelimb 
for locomotion. Moreover, the higher variation at midshaft and higher constraint distally along 
the limbs lends further support to the argument for canalization as a primary driver of distal 
forearm and shank structure in humans, while proximal segments of the upper and lower limb 
appear to adapt more readily in response to loading repertoire.  
 
Regional geometry along the limbs 
Dexterous use of the upper limb is essential in varsity sports such as cricket and 
swimming. The biomechanics that correspond with both sports separate them considerably, and 
 
 
consequently, appear to influence upper limb morphology quite differently. Varsity swimmers 
engage in a number of swimming maneuvers including the front crawl, breast, freestyle, back 
and butterfly strokes; the bilateral upper limb oscillations of which are responsible for the 
majority of forward movement through the water (Seifert et al., 2004). Unlike swimming, most 
upper limb loading associated with cricket can be considered unilateral, where activities 
including batting, high velocity overhand throwing and bowling favor an individual’s dominant 
arm (Elliot, 1993; Freeston et al., 2007).  
The significantly greater rigidity of the cricketers’ dominant humeri compared to controls 
in this study likely illustrates the impact of consistent bowling and batting loads placed on the 
upper arm from adolescence (Crockett et al., 2000; Levine et al., 2006; Neil and Schweitzer, 
2008). The propensity of the humerus to plastically adapt its structure in response to high 
frequency loading is in agreement with the findings of Lieberman and Crompton (1998), where 
more proximal limb segments tend to be less constrained by tissue economy than their distal 
counterparts. Though the torque generated during throwing, bowling and batting play an 
apparent role in shaping humeral and radial midshaft morphology, the same activities appear to 
have a less obvious influence on the distal radius. Comparisons of cortical area and sub-
periosteal area of the humerus relative to the radius of cricketers and swimmers further 
emphasize how the upper arm adapts to high frequency loading compared to distal segments of 
the limb, irrespective of loading pattern. Throwing related injuries like ulnar collateral ligament 
(UCL) tears often transpire due to disproportionate stress placed on the elbow and proximal 
forearm during high velocity throwing motions compared to more distal segments (Fleisig et al., 
1995; Hariri and Safran, 2010; Podesta et al., 2013). The greater rigidity identified at the 
cricketer’s humeral midshaft and mid-proximal radius may therefore result from the high strain 
 
 
placed on the proximal portion of the upper limb during repetitive throwing, especially 
considering the swimmer’s and controls’ mid-proximal radial structure did not differ 
significantly by comparison. While loading pattern and frequency should not be overlooked as 
major drivers of skeletal adaptation (Judex et al., 2007; Ireland et al., 2011), it is apparent that 
tissue deposition at midshafts are more responsive to mechanical stimulation than proximal and 
distal sections of increasing distance. The smallest degree of inherent variation (CV) within each 
group was identified at midshaft as well, where the tibial midshafts of individual runners 
consistently conformed to a pattern of greater tissue distribution in the A-P plane. By contrast, 
hockey players generally allocated tissue across the M-L and A-P planes more evenly (Shaw and 
Stock, 2009a), though CVs were still lowest at midshaft compared to the distal tibiae. These 
structural patterns found at midshaft further indicate that the mid-tibia is morphologically 
specialized to a given loading pattern compared to the more uniform, distal aspects of the tibia 
exhibited in both athletes and controls. 
Though field hockey and running are both associated with bilateral loading of the legs, 
the biomechanics involved in both sports are inherently different. The degree of lower limb 
mobility associated with ball games such as field hockey is intermittent and tends to fluctuate 
throughout the course of a match (Spencer et al., 2004; Macleod et al., 2009). Field hockey 
players attempt to preserve energy throughout the match by executing low intensity locomotor 
behavior ranging from light jogging to standing in position, only engaging in multi-directional, 
high intensity sprinting when necessary (Spencer et al., 2004). Successful marathon running is 
not so much dependent on power but endurance (Bramble and Lieberman, 2004; Palmer and 
Reid, 2009), and thus, an increase in loading frequency and repetition is substituted for a 
decrease in intensity. Unlike field hockey, cross-country running by and large assumes a 
 
 
unidirectional mobility pattern, where the greatest strain is oriented in the A-P axis during 
forward locomotion (Macdonald et al., 2009; Marchi and Shaw, 2011). The aforementioned 
differences between the two lower limb activities may be responsible for influencing geometry 
along the distal tibial diaphysis as well, albeit to a lesser extent than at midshaft, though genetic 
canalization may ultimately be a greater regulator of metaphyseal and epiphyseal morphology 
(Lovejoy et al., 1999, 2003; Lazenby et al., 2008). Bearing these results in mind, interpreting 
behavior along both the upper and lower limbs may be most effective by studying cross-sectional 
properties at or near the midshaft, as activity pattern among individuals and populations becomes 
more difficult to discern with increasing distance from these regions.  
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FIGURE LEGEND 
 
Fig. 1.  The long bones analyzed in this study and their corresponding pQCT scan locations. 
From left to right: humerus, 50% of length: radius, 66%, 50% and 4% of length: tibia, 50%, 38% 
and 4% of length.  
 
 
 
Fig. 2.  pQCT scans (raw) of the left upper limb of a control participant at four different sites 
along the length of the humerus and forearm. A: 4% forearm; B: 50% forearm; C: 66% forearm 
and D: 50% humerus. The ulna is located on the left and the radius on the right in images A-C. 
Cortical bone is displayed in (white), muscle (light grey), adipose tissue (dark grey), and air 
(black). 
 
Fig. 3.  pQCT scans (raw) of the left lower leg of a control participant at three different sites 
along the limb segment. A: 4% lower leg; B: 38% lower leg; C: 50% lower leg. The fibula is 
located on the left and the tibia on the right in each of the three images. Cortical bone is 
displayed in (white), muscle (light grey), adipose tissue (dark grey), and air (black).  
 
Fig. 4.  Comparisons of mean cortical areas (CA) along the upper limb for swimmers, cricketers 
and controls: (A) midshaft humerus (50%); (B) mid-proximal radius (66%); (C) midshaft radius 
(50%); (D) distal radius (4%). All values have been standardized. Boxes represent the 25th–75th 
percentile range, with the horizontal dark line indicating the median, and whiskers extending to 
the maximum and minimum values within 1.5 box lengths. Outliers are indicated with an o. 
 
Fig. 5.  pQCT scans of the left lower leg midshaft (50% of length), mid-distal (38%) and distal 
(4%) sections of a hockey player and distance runner displaying extreme examples of cortical 
bone distribution and thickness.   
 
